We present new interaction potential curves, calculated from first-principle, for the He( Two different approaches were applied: supermolecular using coupled cluster theory (CC) and perturbational within symmetry-adapted perturbation theory (SAPT). 
I. INTRODUCTION
The quest for taking control over chemical reactions and scattering processes by manipulating the movement of molecules led in the last decade to a rapid developement of methods which use the electric [1] [2] [3] or magnetic fields 4, 5 control combined with molecular beam techniques. 6 The possibility for quantum control opens in the low-energy regime, when the kinetic energy of the molecule becomes comparable to the perturbations due to the external electromagnetic field.
7
Under these conditions the scattering is dominated by several partial waves only, facilitating studies of such phenomena as scattering resonances. Moreover, elaborate detection techniques allow to study the state-resolved cross sections and the propensity rules, governing the distribution of the inelastic scattering products.
8
Finally, the experiments on low-energy scattering provide unique opportunities for verification of the potential energy surfaces of colliding species, which is particularly beneficial for developing theory of intermolecular forces.
Recent progress in this field involved theoretical works in the scattering theory 9 and experiments employing metastable noble gas atoms interacting with other species.
10,11
Studies of Henson et al. Understanding of PI is very important since this process occurs in plasma 12, 13 and surface chemistry.
14
The reaction takes place when molecules collide with species excited to a very high energies, such as metastable 2 3 S He or 3 P Ne atoms. Provided that an atom is excited above the ionization threshold of the molecule, the collision quenches the atom down to the ground state releasing internal energy, which in turn can ionize the molecule:
Metastable He and Ne atoms have also been of great interest to cold matter physics, in particular the Bose-Einstein condensate of metastable He atoms has been obtained.
10,15
It was demonstrated that light atoms at very low temperatures could be used for efficient sympathetic cooling of molecules 16, 17 and metastable helium atoms in µK regime could be considered as coolants, provided that the anisotropy of the potential energy surface is not 2 very large.
18,19
Because of the lack of interest, the theoretical effort to improve and develop potentials for metastable atoms interacting with molecules has been abandoned for more than 10 (for a thorough review of previous theoretical works see Ref. 25) .
The most straightforward among many-electron ab initio methods is the "stabilization method" (SM). The wave function is expanded in an atomic/molecular basis set, followed calculated the dispersion energy contribution in the random-phase approximation for the He(
In the case of PI reaction, the SAPT methodology is appealing, as it ensures a fixed number of electrons at each monomer. The issue of concern, however, is the convergence of SAPT, as shown e.g. for dimers of metals.
26,32
The systems which we investigate in this paper either undergo Penning ionization:
11
), and Ne * · · · Ar
33
, or provide an auxiliary model for testing SAPT performance for such systems, as the Ne * · · · He dimer.
II. COMPUTATIONAL DETAILS
For both complexes of metastable helium we were able to perform supermolecular unrestricted coupled cluster singles and doubles with noniterative triples correction (UCCSD (T)) calculations.
34
It should be stressed, that convergence of CCSD(T) for excited states calculations cannot be taken for granted. Therefore, we performed them carefully by the following procedure. First, we ran separate monomer calculations where desired states of monomers were set: in our case, one monomer was a metastable helium, the other was either the , respectively. The method is based on the expansion of the interaction energy in the power series of the intermolecular interaction operator, which up to the second order takes the form:
where on the right-hand side the consecutive terms represent the electrostatic, first-order exchange energy, induction and dispersion energies, and second-order exchange-induction and exchange-dispersion energies. In this work we choose the unrestricted, SAPT(UHF) and SAPT(UKS) formalisms. The second-order terms have been calculated at the coupled level of theory.
26
In SAPT(UKS) calculations the PBE0 xc functional 36, 37 was asymptotically corrected
38
, with vertical ionization potentials calculated using a difference method.
For UCCSD(T) calculations double augmented, correlation consistent quadrupole-zeta basis set (d-aug-cc-pVQZ) of Dunning et al.
39
was chosen for helium and hydrogen atoms.
For Ar we used aug-cc-pVQZ basis set. Ne( was selected.
Hydrogen was described by the aug-cc-pVQZ basis. In the case of He( 
III. NUMERICAL RESULTS
A. He( 3 S)· · · X systems (Fig. 1a) we have shown the isotropic (V 0 ) part of the interaction potential along with the leading anisotropic terms (V 2 ).
We have investigated both SAPT(UHF) as well as SAPT(UKS) approaches as described in Ref. 26 . Analysis of the V 0 potential parameters for the He( found SAPT(UHF) to give a better description of electron spin density than SAPT(UKS).
The erroneous behaviour of the PBE0 spin density is reflected, for instance, by the static polarizability. DFT calculations lead to the value of 258.79, whereas UHF predicts 317.04 a.u, much closer to the benchmark result of 315.63 a.u.. 
11
, where the well depth of 8 cm −1 has been found at R e of approximately 11.5 a 0 . For comparison, the most recent semi-empirical potential from
Refs. 24 and 43 predicted the minimum at a similar distance, however its well depth twice as shallow (See Table I ).
The leading anisotropy of the potential energy surface, V 2 is very small. In the van der Waals minimum region both methods agree very well, however, the UCCSD(T) potential anisotropy is much larger in the short-range repulsive region.
It is also interesting to compare results for the global minimum of the potential energy In Tab. I we present the (isotropic) C 6 coefficients. Apart from comparing the calculated C 6 coefficients with reference values found in the literature, we have applied the Tang's   formula   44 :
where α 0 X stands for static polarizabilities and C 6,XY denote C 6 coefficients for homo-and heteronuclear dimers. Static polarizabilities for He * ones, hence, only SAPT(UHF) potentials are discussed.
In Fig. 3a and Table II we compare UCCSD(T) and SAPT(UHF) interaction potentials for 3 Σ and 3 Π states of Ne( susceptible to relative errors. SAPT(UHF) correctly recovers the Σ − Π anisotropy in this system, which is around 0.03 cm
in the minimum and therefore should be regarded as a subtle effect. 
IV. CONCLUSIONS
We have investigated the potential energy curves of the He * · · · H 2 (V 0 and V 2 ) and 
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We have also investigated two systems containing metastable Ne atoms: in case of Ne * · · · He system we have obtained a good agreement between UCCSD(T) and SAPT which suggests that the SAPT description of Ne * Ar dimer should be correct. We have revealed strikingly small electronic orbital angular momentum anisotropy of these potentials which can be explained by a strong screening of the open 2p shell by the outermost, singly occupied 3s shell.
As far as the performance of SAPT is concerned, we have exploited the unique feature of this method: fixing the number of electrons at each monomer to prevent an electronhopping. This approach is expected to be general, provided that proper reference states of the monomers can be obtained (either Hartree-Fock or Kohn-Sham wave functions). Another prerequisite of applying SAPT must be its convergent behaviour in the lowest orders.
It cannot be taken for granted in general, for instance when both monomers are largely po-larizable -in this last case, one could apply appropriately modified Pauli-Blockade method 54 combined with second-order dispersion contribution obtained with SAPT.
In the near future we hope to take advantage of SAPT to survey the potential energy 
